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A TECHNICAL BASIS FOR APPORTIONING MOTOR 
NEE GRE AX B.S: 


By CHARLES F. MARVIN, Jr., Mechanical Engineer, Heat and Power Division, U. S. Bureau of Standards 


HE rapid increase in motor transportation which 

has occurred in the past 30 years would not have 

been possible without the highway improvements 
and extensions which have accompanied the develop- 
ment of the motor car. 

These highway improvements and extensions threw 
upon the State and local governments a great addi- 
tional financial burden which, with their ‘existing 
revenue systems, they were ill-prepared to assume. 
Since no part of this increase in highway expenditures 
could be attributed to any factor other than the new 
demands of automobile traffic, it seemed equitable and 
expedient to impose special taxes on motor vehicle 
owners to meet the cost, in part at least, of the special 
service provided. After years of application, State 
registration or license fees and fuel taxes have come to 
be accepted as just and logical forms of taxation. 

However, at the present time there is no generally 
accepted basis for determining the amounts of fees 
for the various classes of vehicles or the units within a 
class. Neither is there any agreement as to how the 
total tax levied by a State should be apportioned be- 
tween the fuel tax and registration fees. Each State 
has selected its own method of levying fees with the 
result that at the present time vehicles are rated accord- 
ing to chassis weight, unladen weight, capacity, gross 
weight, horsepower, piston displacement, value, tire 
width, or tire type as well as on several different com- 
binations of two or more of these characteristics. In 
many cases there is no definite relation between the 
characteristic used as a base and the justification for 
taxing or the amount of fee charged. Some States 
rate passenger cars and trucks on the same basis while 
others donot. Several States have sacrificed simplicity 
of administration in an effort to obtain more equitable 
fees, while other States, apparently aiming at simplicity, 
have prescribed fees which seem inconsistent in their 
distribution of the tax burden among vehicles of 
different characteristics. All of the States and the 
District of Columbia impose fuel taxes of from 2 to 6 
cents a gallon, but there is no consistent relation 
between the amounts of the fuel taxes and the amounts 
of registration fees. 

Several years ago the motor vehicle and highway 
departments of the State of Connecticut requested the 
Bureau of Standards to undertake a study of current 
systems for taxing motor vehicles with a view to elim- 
inating some discrepancies in the Connecticut system 
and, if possible, to find a more logical and equitable 
basis for such taxation. 

The present paper is a revision of the report which 
was submitted to the State of Connecticut, with the 
material of general interest rearranged to emphasize 
the principles involved and with those portions apply- 
ing only to Connecticut omitted. . 

It was not within the scope of the investigation to 
recommend a total revenue to be collected from motor 








1 Publication approved by the Director of the Bureau of Standards of the United 
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vehicle owners, or to fix the relation between such a 
total and the total highway expenditures. Each State 
must determine for itself how much it wishes to spend 
on highways and what percentage of this amount 
should be financed by motor vehicle taxes, taking into 
account general social benefits and benefits to property 
which may be expressed by general appropriations and 
property taxes. The purpose of the bureau’s investi- 
gation was to recommend a simple and equitable 
method of distributing a total tax levy, determined by 
the State, among the various classes of vehicles and the 
units within a class as nearly as possible according to 
the amount and character of each vehicle’s use of the 
public streets and roads. In this distribution no 
attempt was made to devise methods of collecting 
taxes on a basis of earning capacity or ability to pay. 
No discrimination was made as between privately oper- 
ated vehicles and those operated for hire or by dealers. 
If such discriminations are thought advisable, they may 
be made in the form of a separate or an additiona! tax. 


NECESSARY ELEMENTS OF A SATISFACTORY TAX SYSTEM 


Equity. —A satisfactory tax system must first of all be 
equitable, that 1s, 1t must distribute the cost among the 
different vehicles in such a manner that each vehicle is 
assessed according to the justification for taxing such 
vehicle. The greatest and most evident justification 
for taxing is to defray the expenses incurred by the 
State due to the operation of the motor vehicles, and 
the first approximation to an equitable system would 
be one which would tax each vehicle in proportion as 
that vehicle is responsible for these expenses. It is also 
desirable in the interests of public utility, and con- 
venience, that taxes should be so imposed that they 
penalize wherever possible those vehicles which are 
inefficient in their use of the highways or the nation’s 
fuel resources, and thus encourage a relative increase in 
vehicles which bring about improvement and progress 
in highway transportation. 

The expenses incurred by the State due to the opera- 
tion of a given vehicle and the desirability of the 
vehicle as a unit of transportation will depend, in 
varying degree, on such things as the weight, size, 
speed, capacity and tire equipment of the vehicle; the 
number of miles it travels during the taxable period; 
the type of road over which it operates; the manner in 
which it is cared for and operated; the amount of regu- 
lation it requires; and the character of the service 
which it renders. 

Simplicity.—It is highly desirable that the process ot 
administering taxes be as simple as possible. Unfor- 
tunately, the exactly equitable rating, depending as it 
does on so many inter-dependent factors of varying 
importance, would be extremely complex. Even if it 
could be exactly determined, it would be impractical to 
administer. All that can be hoped for is a compromise 
rating which will be equitable in the most important 
respects and sufficiently simple to be cheaply and 
efficiently administered. 
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Undoubtedly the major factors to be considered in 
taxing a vehicle are (1) the weight ae upon the 
road surface by the vehicle and its load, (2) the number 
of miles it travels during the taxable ‘period, and (3) 
the type of tire with w hich the vehicle is equipped. A 
system which attempts to include more factors than 
these becomes very unwieldy while one which neglects 
any one of the three does so at a serious loss of equity. 

Adaptability —The ideal tax system would be equally 
applicable to the taxing of all of the various classes of 
vehicles, readily adaptable to the requirements of any 
State, and capable of being easily modified to suit 
changing conditions in the same State, without altera- 
tion of the basic method of rating vehicles or the system 
of collecting fees. 

The three factors, weight, miles traveled, and tire 
type, may well be used as bases for rating all vehicles 
and for determining fees in all States for some years 
to come. However, it will hot be possible to use the 
same amounts or ranges of fees everywhere and for all 
time. Costs of highway construction as well as the 
types of road and the total mileages vary from State to 
State and from time to time. Vehicles in the different 
weight groups are distributed differently throughout 
the various sections of the country and the damage 
caused by vehicles of a certain class is not necessarily 
the same in one State asin another. For these reasons 
any general method for determining taxes must permit 
a wide range of tax schedules. 


THE RECOMMENDED SYSTEM 


The vehicle characteristic of most importance so far 
as the road is concerned is not the rated horsepower or 
the rated carrying capacity so often used in determining 
fees, but the gross weight of the loaded vehicle. It is 
gross weight which is actually carried by the roadway, 
gross weight which largely determines the amount of 
highw: Ay ‘damage, and gross weight for which new 
bridges and highways must be designed. In addition, 
gross weight is the only characteristic common to all of 
the various types of vehicles which is, for each type, 
closely related to the use and consequent deterioration 
of the road. These facts combine to make gross weight 
the best single measure of the justification for taxing. 

Since gross weight bears a definite relation to the 
justification for taxing, it should also be definitely 
related to the amount of tax by some formula which 
would insure a gradual and consistent variation in tax 
throughout the whole range of gross weights. 

The general formula.—Almost any relation between 
tax and gross weight which is likely to be desired in 
practice can be represented algebraically with a fair 
degree of er eeeee te by the following formula: 
Tax= A+ BX (gross weight) + OX (gross weight)? in 
which the tax is in dollars and gross weight is in tons. 

Certain familiar types of tax schedule are represented 
by the three terms of the formula. Thus, the first term 
imposes a flat rate of A dollars. The second term, 
B*X (gross weight), levies a constant rate of B dollars 
a ton, while the last term, CX (gross weight)’, 1s in 
effect a surtax which imposes an increasing rate per 
ton, and therefore affects most noticeably the heavier 
vehicles. By the proper evaluation of A, B, and (, 
the characteristics of these three distinct types of sched- 
ules may be blended into a single schedule in any pro- 
portion desired. The wide diversity of schedules which 
can be obtained is indicated by the examples given in 
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Figure 1. Still other types can be obtained by using 
negative sions. 

Three sets of corresponding values of tax and gross 
weight which will indicate the general trehd desired in 
the tax-gross weight relation will serve to fix the con- 
stants A, B,and C. Thus, if it is decided, for example, 
that the total annual tax (registration fee plus annual 
fuel tax) for the average vehicle of 10 tons gross weight 
should be $200, as compared with $75 for a 5-ton ve- 
hicle and $15 for a 1-ton vehicle, then the formula 
becomes: 

Total annual tax=5.55+8.34X (gross weight) + 
1.11 (gross weight)’* and the total annual taxes for 
average vehicles of other weights will be as shown by 
the heavy line in Figure 2. The numerical values 
given above and appearing in Figure 2 and Table 1 
were chosen arbitrarily merely for illustration. For 
actual use they should be determined independently 
by the different States and changed from time to time 
to meet existing conditions. 

The fuel tar.—The dotted lines in Figure 2 show how 
fuel taxes of different amounts affect vehicles of dif- 
ferent weights traveling the same number of miles 
per year, in this case 6,000. It is obvious that a fuel 
tax alone can not impose the rapidly rising schedule of 
taxes generally required. The fuel tax, however, 
possesses several advantages over registration fees, 
chief of which is that it automatically taxes a vehicle 
directly according to the number of miles traveled. 
In addition, it is effective in distributing taxes in the 
proper directions, although not always in the desired 
amounts, according to other justifications for taxing. 

Thus it brings in more revenue per mile from the 
heavy truck than it does from the light passenger car, 


and taxes the fully loaded vehicle more than the 


empty one. 

The increase in the price of fuel, due to the tax, 
encourages greater economy in the design and operation 
of vehicles and penalizes the owner who operates a car 
which is wasteful of the Nation’s fuel resources. Thus, 
the vehicle which is overweight, overpowered, which 
has an inefficient engine, an improperly adjusted 
carburetor, or excessive friction in any of its parts 
pays a higher tax per mile than the well-designed and 
well-cared-for vehicle of the same capacity. 

A fuel tax brings in revenue from visiting cars from 
other States which would otherwise use the highways 
tax free. 

A ear which continuously maintains a high speed 
through the open country will burn more gasoline and 
therefore pay a somewhat higher tax than a similar car 
which is driven over the same roads at a moderate speed. 

Vehicles which habitually operate in crowded districts 
where highway “rent”? should be high and where 
expenses of regulating traffic are greatest will, on 
account of their frequent stops and starts, burn more 
fuel and therefore pay a higher tax per mile than similar 
vehicles operating in the open country. 

These advantages, together with the fact that it is 
conveniently paid and simple to collect, have made the 
fuel tax an increasingly acceptable form of taxation. 

To fully utilize the many advantages of the fuel 
tax, it should constitute the greatest proportion of 
the total tax which can be char ced without overtaxing 
any class of vehicles. Usually, the most equitable 
fuel tax will be determined solely by the total annual 











* See ihpondis A. 
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BY USING ALL THREE TERMS, 


O LAST TWO TERMS, TERM, 8x GROSS WEIGHT, POSES A FEE WHICH INCREASES T 
’ HE CHARACTERISTICS OF 

rs ae RATE |S 0B- A CONSTANT RATE PER TON MORE RAPIOLY THAN GROSS THE FIRST THREE SCHEDULES 
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FIGURE 1.—EXAMPLES OF THE VARIOUS TYPES OF 


GENERAL FORMULA: 


TABLE 1.—Registration fees for pneumatic-tired vehicles according 
to formulas plotted in Figure 2, assuming a gasoline tax of 6 





























cents 
Gross weight of vehicle in | Fee in Gross weight of vehicle in | Feein 
tons _ dollars tons dollars 
_ DS 9 el A 4 
4 gre eee ee ee 22) Oa a aes. Se SS $36. 00 
ZLO Baconne 4 ae ys rete ES EMR AUNT GIRO cs gt Seca ie aiees S08 1. Sk ae ay. 50. 00 
WEE Oe Seetine biase iss ds Bie Sot ey POUR Pe. oo ee ne Oe nas 66. 00 
iy Se en es FMI NET ce (TRS SO ae ea 84. 00 
OV) Ai at eee) Pee Ue SUC 8 De 8 ee eee eek 104. 00 
tax desired on the lightest class of cars. This is 
illustrated by the 6-cent fuel tax in Figure 2. If the 


total tax for the one-ton cars had been assumed as 
$10.00 instead of $15.00, the most equitable fuel tax 
would have been 4 cents instead of 6 cents per gallon. 

In terms of the formula, the 6-cent tax becomes: 
Annual fuel tax = 3.00 + 11.30 X (gross weight). * 

Registration fees. some very lnportant 
cases in which the justification for taxing is not meas- 
ured exactly by the fuel consumption, and a fuel tax 
is therefore inadequate or ineffective. 

A fuel tax does not provide a means of collecting from 
the heavier vehicles their share of highway costs. It 
can not penalize for the extreme width usually found in 
heavy trucks and busses. Also the type of tire used 
has only a small effect on fuel consumption but a very 
decided effect on road cost. Electrically driven ve- 
hicles pay no fuel tax at all, and this type must be taxed 
entirely by some other method. 

Vehicles must be registered for purposes of record and 
identification and it is convenient at the same time to 
collect registration fees of sufficient amount to compen- 
sate for the inadequacies of the fuel tax. 

Subtracting the above formula for fuel tax from the 
one previously given for total tax gives a formula for 
registration fees, thus: 





Total annual tax =5.55+ 8.34 (gross weight) +1.11 (gross weight) ? 
Annual fuel tax =3.00+11.30 (gross weight) 


Registration fee =2.55— 2.96X (gross weight) +1.11 X (gross weight) 2 





As shown in Figure 2 and Table 1, this equation gives 
very small registration fees tor the light cars which are 











*See Appendix A. 


TAX SCHEDULES 
Tax=A+BXGross Wericut+C~x 


OBTAINABLE BY VARYING THE CONSTANTS IN THE 
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Figure 2.—TypicaL Tax SCHEDULE BASED ON THE FORMULA 
Tax=A+BX Gross WeEicHT+CXGrROSsS WEIGHT ? 


equitably taxed by the fuel tax alone, and is chiefly 
effective for the heavier trucks and busses for which the 
fuel tax is inadequate. 

A still more rapidly rising schedule of registration fees 
may be secured for solid-tired vehicles by using a higher 
coefficient for the last term in the formula. 


ADMINISTRATION 


The tax schedule——For administration purposes the 
tax schedule plotted and represented by formulas in 
Figure 2 would appear asin Table 1. In this table ve- 
hicles are divided into groups according to their gross 
weights and the registration fee for each group as de- 
termined by the formula is listed for convenient refer- 
ence. It will be noticed that practically all of the pas- 
senger cars, except busses, fall in the first two groups, 
greatly simplifying the administration of fees for this 
most numerous class of vehicles. 

Examples of the total annual taxes which will be paid 
by typical vehicles traveling 6,000 miles per year and 
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paying the six-cent fuel tax and the registration fees in 
Table 1 are as follows: 








Gross 
of car in | itseee 
tons ask 

2 | $26. 60 

4 56. 70 

7 118. 10 

11 231. 30 








Fixing taxable gross weight—-The actual gross weight 
of a vehicle, of course, varies with the number of pas- 
senger or the quantity of goods carried and also depends 
on the character of the equipment and the amount of 
fuel, oil, and water in the tanks. It is therefore neces- 
sary for the State to designate what the taxable gross 
weight of any given vehicle will be. 

Three general methods of fixing vehicle weight are 
used at the present time. These methods are as fol- 
lows: (1) A table giving weights for the various makes 
and models of cars is adopted by the State as official; 
(2) a certificate of weight from a licensed public weigher 
is required by the State to accompany the application 
for registration; (3) the weight as declared by the appli- 
cant is accepted by the State. 

‘Fhe most popular and probably the most convenient 
method of fixing the taxable weight of passenger cars 
is by means of a table, prepared or adopted by the 
State, which gives the gross weight of each make and 
model of car and such other data as the year, body 
style, number of cylinders, etc., as would aid in identi- 
fying a car in the table. The gross weight given in 
the table should be the sum of the vehicle weight as 
furnished by the manufacturer plus a seating capacity 
times an estimated average weight per passenger of 
perhaps 125 or 150 pounds. 

The vehicle weight without passengers of homemade 
cars, nonstock models, and cars not listed in the table 
should be determined by actual weighing, and the 
application for registration of such vehicles should 
be accompanied by a certificate of weight from a licensed 
public weigher. Any owner who wishes to have his 
car weighed and submit a certificate of weight in pref- 
erence to accepting the vehicle weight for his car as 
listed in the State’s tables should be permitted to do so. 

The taxable gross weight, once determined for a car, 
should be printed on the registration card, and subse- 
quent registrations of the same car could be made on 
the basis of the original weight, provided no changes 
had been made in weight or tire type. 

The many variations in the weights of commercial 
vehicles, due particularly to the wide variety of body 
types, makes it impracticable to make a table of gross 
weights of commercial cars. 

Several jurisdictions now require that certificates of 
vehicle weight accompany the applications for regis- 
tration of such vehicles. ‘To the vehicle weights thus 
fixed, the carrying capacities are added to give the 
taxable gross weights. 

A simpler method would be to accept the declaration 
of the owner as to the weight of his empty vehicle and 
the weight of the greatest load he expects to carry, 
the sum of the two weights being the taxable gross 
weight. The declared capacity of a vehicle should 
not be greater than the maximum nor less than the 
minimum stated by the manufacturer and the gross 
weight should not exceed that specified in the laws 
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ment of weight by the owner. 
CONCLUSIONS 


The general adoption -of some simple formula such 
as that suggested would result in more logical and equi- 
table relations between taxes and the justifications for 
taxing, and between the fuel tax and registration fees 
than exist at present in the schedules of most of the 
States. Moreover, it would provide for uniform basic 
methods of rating vehicles and collecting fees through- 
out the country, at the same time permitting the 
several States to select schedules suited to their individ- 
ual requirements. 


APPENDIX A 


FIXING THE CONSTANTS IN THE FORMULA 


As has already been stated, three sets of correspond- 
ing values of tax and gross weight which will indicate 
the general trend desired in the tax-gross weight rela- 
tion will serve to fix the constants A, Bb, and C in the 
formula. 

However, at present there is no generally accepted 
method for determining the most equitable relation 
between tax and gross weight or, in this case, for fixing 
the three sets of values. Their proper evaluation is 
therefore likely to be the subject of much speculation 
and debate. They can, of course, be chosen more or 


less arbitrarily, but the most equitable choice will be 


assured only by a carefully conducted investigation. 

Such an investigation would be concerned first with 
the determination of the relative costs to the State due 
to the operation of average vehicles of different gross 
weights, and second with a consideration of the relative 
economic and social desirability of the different weight 
vehicles as units of transportation. Taken together 
these two factors would fix the justification for taxing 
corresponding to each gross weight. Taxes could then 
be made proportional to the justification for taxing. 

Gross weight and total tax—Table 2 outlines one 
method of determinating quantitatively the equitable 
average relation between gross weight and tax. The 
cost to the State due to the operation of motor vehicles 
D should be estimated by adding the average annual 
costs over a period of several years of the items FE, and F. 
The item / covers all administrative costs, including 
registration of vehicles, policing and regulation, signs 
and traffic devices, and departmental overhead. J is 
the sum of G and H and includes all highway costs. 
G represents the costs of constructing, rebuilding, or 
improving highways, while represents the costs of 
patching, repairing, or treating roadways in such man- 
ner as to maintain them in proper condition. 

The total number of vehicles registered for the aver- 
age year, J, is divided into three convenient groups 
according to gross weight, and the number of vehicles 
in each group (a, 6, and c), is recorded. 

Administration costs, since they are independent of 
weight, can be equitably divided equally among all the 
vehicles in the State, each vehicle being charged with 
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TABLE 2.—Outline of a method for determining the equitable total annual taxes for vehicles of different gross weights 
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The difficult and uncertain part of the problem is the 
distributing of highway costs among the several groups 
of vehicles in such a manner that each will be charged 
with that portion for which it is responsible. 

Roads designed to carry 3-ton vehicles without undue 
deterioration would be satisfactory for about 95 per 
cent of the vehicles in use to-day. ‘To accommodate 
4*of the remaining 5 per cent, roads of double this 
strength would be required, while to be correspondingly 
safe for the heaviest group, weighing up to 15 tons and 
constituting about 1 per cent of the total number of 
vehicles, roads from three to five times as strong would 
be necessary. In practice, a road of normal design for 
general traffic will carry, without undue damage, a 
limited number of the heaviest vehicles now permitted 
by State laws, and it is only those highways that are 
used by a considerable number of the heavy vehicles 
that must be especially designed for their use. However, 
the additional costs of the stronger roads, where they 
are built, and any excessive maintenance costs of the 
lighter roads, where the stronger ones are not provided, 
are directly chargeable to the relatively small number of 
heavy vehicles. 

In addition, these same heavy vehicles occupy more 
road space and require considerably wider roads, thus 
further increasing their share of highway costs. 

Of course, costs justified by the size of a vehicle will 
not be distributed exactly as desired if based on gross 
weight. Vehicles which are very large but not corre- 
spondingly heavy will be undertaxed, while very heavy 
vehicles of relatively small over-all dimensions will be 
overtaxed. The few cases of this kind which occur, 
however, do not warrant the complication of the tax 
system by including vehicle size as a separate factor. 

Distribution of construction and maintenance charges, 
to be most equitable, should be based on experimental 
data as to the relative destructiveness of vehicles of 
different weights on the various types of road. If the 
average annual mileage covered, the types of road 
most used, and the amount of traffic encountered are 
very different for the average vehicles of the different 
eroups, then these factors might also be assumed to vary 
with weight in the distribution of charges. 

In the quantitative apportionment of costs G,; would 
be that part of G which could have been saved had there 
been no vehicles weighing more than 6 tons. In other 
words, G; is the amount expended in building into the 
roads the necessary extra strength and width to carry 
the heaviest group of vehicles. In a similar manner 
an additional amount, G2, could have been saved had 














there been no vehicles weighing more than 3 tons, and 
G, is therefore chargeable solely to those vehicles which 
exceed this weight. G, then, is the expenditure for 
construction which would have provided equivalent 
improvements had all cars weighed 3 tons or less. 

The maintenance costs are divided in like manner. 
H, is the cost of those repairs which would be expected 
had all vehicles weighed 3 tons or less. HH, represents 
the additional damage done by vehicles weighing betwen 
3 and 6 tons and H; is the amount chargeable solely to 
the heaviest group of vehicles. 

The G and AH values should be added to obtain the 
total highway charges. 

F,, the cost of constructing and maintaining roads for 
the lightest vehicles, should be divided equally among 


all vehicles in the State. ‘Therefore J ="). The vehi- 


cles in Group 2, together with those in Group 3, 
should, in addition, be charged with the cost #5, or 


F, 
EOD I eter The vehicles in Group 3 are charged 
with their share of F, and /, and in addition F% 1s 
F. 


divided among them solely. Therefore L= A+ a 


The total costs to the State per vehicle for vehicles in 

each of the three groups are M/, N, and O and are ob- 
tained by adding the administration cost per vehicle, 
a to J, K, and L, respectively. 
Special taxes can be made proportional to the total 
costs per vehicle. As mentioned before the State must 
fix the total revenue to be collected by means of special 
motor-vehicle taxes. In Table 2 this total revenue is 
represented by P. ‘The tax per vehicle should bear 
the same relation to the cost per vehicle as the total 
revenue bears to the total cost to the State, or 


Bahk J 8 
DENN #0 


It is evident from the foregoing discussion that the 
number of vehicles in a given weight class is an impor- 
tant factor in determining the cost per vehicle. Up to 
the present time heavy vehicles have been relatively 
scarce and it is quite possible that taxes on these vehi- 
cles, figured on a basis of cost to the State alone, would 
be prohibitive at the present time. It should be real- 
ized, however, that large trucks and busses are built in 
response to a demand for vehicles which will transport 
large loads efficiently. A single large truck or bus will 
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carry the load of six or seven small vehicles at a much 
lower cost per mile and it will occupy less road space 
and often cause less traffic congestion than the numer- 
ous vehicles which it replaces. On account of these 
advantages, large vehicles are becoming increasingly 
popular and numerous in the more thickly populated 
sections. If the number of heavy vehicles continues 
to increase, if their loads are distributed on six or more 
wheels equipped with pneumatic tires, and if methods 
of constructing highways are improved and cheapened, 
it is quite probable that at some future time the cost 
per vehicle for this class will be considerably less than 
at present. For these reasons, prohibitive fees would 
be highly undesirable. 

If it is thought that the cost to the State should not 
be the only criterion for determining the relation be- 
tween gross weight and tax, modified taxes (X, Y, and 
Z) may be obtained by multiplying the values (Q, #, 
and S) by appropriate ‘desirability factors” (7, U, 
and V). 

The greats X, Y, and Z are the taxes which would 
apply on vehicles whose gross weights are the average 
gross weights (d, e, and f) of the three groups. The 
average for each group is obtained by adding the gross 
weights of all the vehicles in the group and dividing the 
sum by the number of vehicles in the group. 

The three sets of corresponding values of tax and 
eross weight (X, d), (Y, e), and (Z, f) indicate the trend 
of the desired equitable relation between gross weight 
and tax and may be used to evaluate the constants in 
the formula for total annual tax, as follows: 


BET e= ) See) 
(Peed) — (ed) 2) 
p-U-X)-Ce-2) 


e—d 
A= X-— Bd—Cd 


CG 











The fact that an effort has been made to tax each 
vehicle in proportion as that vehicle is responsible for 
expenses to the State should not be misconstrued as a 
suggestion that motor vehicles should pay these ex- 
penses in full. In practice, the total revenue required 
from special motor-vehicle taxes (P, Table 2) may be 
only a small fraction of the total cost to the State 
(D, Table 2), the difference being paid in general taxes. 
This is especially true when ‘‘desirability factors”’ 
differing considerably from unity are thought advisable. 
In this case the decrease in taxes on the favored classes 
of vehicles should be compensated for by a low value 
of P rather than by excessive taxes on the other classes 
of vehicles. 

Fuel tax and registration fees—-The general formula 
with the numerical values of A, B, and CO as determined 
above represents the total annual tax per vehicle. It 
would also represent the equitable registration fees for 
ears traveling the average number of miles per vear, if 
no fuel tax were imposed. Thus, it might logically be 
used to determine registration fees on electric vehicles 
which escape the fuel tax. However, in order to dis- 
tribute taxes fairly, not only according to gross weight 
but also according to miles traveled, it is most equitable 
to collect the largest possible portion of the total tax in 
the form of a fuel tax. 

From data on the fuel consumption of a number of 
different cars it 1s estimated that fuel taxes distribute 
themselves among the average gasoline-driven cars of 
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different weights approximately according to the fol- 
lowing general formula: 


Annual fuel tax = A+ BX (gross weight) 


where A=0.0834 X (annual mileage in. thousands of 
miles) X (fuel tax in cents per gallon); and B=0.314 x 
(annual mileage in thousands of miles) x (fuel tax im 
cents per gallon). ee 

The straight lines showing fuel tax in Figure 2 were 
obtained from this formula by assuming an average 
annual mileage of 6,000 miles and various valjues for 
the fuel tax in cents per gallon. If, now, the total 
tax curve (as plotted from the previously determined 
formula for total tax) is superimposed upon such a 
fuel tax chart, the most equitable fuel tax is at once 
apparent. It is the highest fuel tax which can be im- 
posed, without eliminating registration fees entirely 
on one or more groups of vehicles, and it will be repre- 
sented by a line just slightly below the total tax curve, 
as illustrated by the 6 cent bne in Figure 2. 

The formula for registration fees is now obtained by 
subtracting the formula for the most equitable fuel tax 
from the formula for total tax, as explained before. 

Registration fees and tire type.—It is fairly well 
established that solid tires are more destructive to 
roads than pneumatic tires on a similar vehicle. Just 
how much more damage they do and just how the 
ratio changes with the weight of the vehicle or the 
type of road are not definitely known. However, a 
somewhat higher tax for solid tires is certainly justified. 
Since tires have little effect on fuel consumption, the 
difference must be made in the registration fee. 

It is probable that the difference in destructiveness 
between solid and pneumatic tires is most noticeable 
in the heavier cars. Therefore a schedule which gives — 
a oradually increasing difference in tax for the heavier 
vehicles is probably most equitable. Such a schedule 
can be obtained from the recommended formula by 
using a higher value of C for solid tired vehicles than 
for those on pneumatic tires. 

Registration fees and number of azles——When this 
paper was first written, no recommendations were 
made in regard to multi-axle vehicles. However, in 
the past few years vehicles having their weight dis- 
tributed on three or more load-carrying axles and six 
or more wheels have increased in number, and since 
such vehicles are less destructive to roads than four- 
wheel vehicles of the same gross weight, a reduction in 
tax for this type appears to be justified. Since the fuel 
tax does not favor multi-axle vehicles, this reduction 
must be made in registration fees. A reduction which 
increases in amount for the heavier vehicles will be most 
equitable and may be secured, if desired, through the 
use of a lower value of Cin the formula for registration 
fees. 

Obtaining the desired total revenue.—Up to this point 
the discussion has dealt chiefly with the proper relative 
distribution of taxes. It may also be necessary to adjust 
the level of the whole system up or down to produce 
the required total revenue without changing the rela- 
tive distribution. The income to be expected from a 
prospective system should therefore be estimated as 
closely as possible and the formula for total tax should 
be multiplied by the proper constant to increase or 
decrease the total tax per vehicle to the desired amount. 
From the new formula for total tax thus obtained, the 
amount of fuel tax and the constants for the registra- 
tion fee formula must be redetermined. 
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APPENDIX B 


OTHER SYSTEMS CONSIDERED 


Early in this investigation the existing methods of 
determining motor vehicle registration fees were ex- 
amined. None of these possessed all of the desired 
requirements. Several other possible methods were 
devised and rejected before the one described was 
finally selected as the best available in view of the con- 
flicting requirements of equity, simplicity and adapta- 
bility. The limitations of the other systems studied 
will be discussed in detail. Although the fees and 
vehicle characteristics used as examples were taken 
from the tax schedules and vehicle specifications of 
several years ago they apply, in principle at least, to 
conditions existing to-day, and are therefore sub- 
mitted as they were originally prepared. 

Gross weight—States basing registration fees on 
gross weight generally classify vehicles into groups 
according to gross weight and impose either arbitrary 
fees or arbitrary rates per ton or pound for the differ- 
ent groups. An example of an arbitrary schedule of 
fees is given in Table 3 and shown graphically in Figure 
3. Such arbitrary schedules, whether based on gross 
weight or some other vehicle ‘charactertistic, are likely 
to show erratic and apparently illogical variations in 
the rate per ton, and frequently increase by steps 
which seem excessive or out of proportion to the use 
of the roads. In the example a vehicle weighing 
12,000 pounds pays a fee of $22.50, or about $0.19 per 
100 pounds. Another vehicle only a few pounds 
heavier will have to pay more than three times this 
fee, or a rate of $0.62 per 100 pounds, the same as 
that required for a vehicle of 24,000 pounds gross 
weight. 


TABLE 3.—Typical arbitrary schedule of fees based on gross weight 




















Gross weight in pounds Fee 
eee. --- 28... ---- 2-2-2 2-5-8 _ Oh Ss PR 3 | $12.00 
Over 5,000 to 12,000 __. _- OR OR See eo, ae 22. 50 
Orem 00 to J6G;000......_....--_-.-.-. 13 este tiene aes 75. 00 
Over 1,000 to” 20,000... ...-.-...- ae eT 2 = BS i 100. 00 
(Oho 0) |) eee ne Oh eek 8S eee 150. 00 





Table 4 and Figure 4 show a typical system where 
arbitrary rates rather than arbitrary fees are imposed. 
This system is an improvement over the arbitrary fee 
system because rates are more likely to be consistent 
and differences between successive fees are usually 
small. 

The need for a formula which would be flexible and 
yet impose gradually changing fees and consistently 
varying rates automatically Tegardless of the constants 
used, led to the selection of the general formula recom- 
mended in this report. 

Carrying capacity —If gross weight is accepted as 
the best single measure of the justification for taxing 
vehicles—and it is believed that it should be so ac- 
cepted—then any other characteristic will be a good 
measure of the justification for taxing only in so far 
as lt 1s proportional to gross weight. Capacity is 
only a part of gross weight and in present-day vehicles 
is only roughly proportional to gross weight. 

Figure 5 shows graphically how trucks of given capac- 
ities vary in gross weight. For example, different 
makes of 4-ton trucks vary from less than 7 tons to 
nearly 10 tons in gross weight. In spite of this 6,000 
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Figure 3.—TypicaL ARBITRARY SCHEDULE OF FErEs BASED 
on GRoss WEIGHT 


oO 
nN 


° 
° 


Qa 
o 








LE 
pe 
ae 
Ix 
[I 





= 
Oo 


© 
ras 





RATE PER 100 LB.- DOLLARS 




















REGISTRATION FEE-QOLLARS 
=] 
om 





” 
- 
_ 
bi 
. 
_ 
a 
S 
ir 
x 


a 
A 





a 
= 
i 
i= 
E 
— 
= 
Sy 











GC) lees eoeeG) 67 GSO «it | 12S 
GROSS WEIGHT OF VEHIGLE AND LOAD - TONS 


Figure 4.—TypicaLt ARBITRARY SCHEDULE OF RATES 
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Figure 5.—Gross WEIGHTS AND CARRYING CAPACITIES OF 
TyPICAL COMMERCIAL VEHICLES 


pounds variation in weight, all makes would pay the 
same fee if rated according to capacity. 

It will also be noticed that the heavier trucks of 
one capacity frequentiy weigh more than the lighter 
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FIGURE 6.—EXAMPLE OF COMMERCIAL VEHICLE FEES BASED 
ON CARRYING CAPACITY 
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TypicaAL COMMERCIAL VEHICLES 


trucks of the next higher capacity. Thus, the heaviest 
5-ton truck listed weighs 23,250 pounds when fully 
loaded, while the lightest 6-ton truck weighs only 
20,450 pounds when fully loaded. Registration will 
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TaBLE 4.—Typical arbitrary schedule of rates 
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cost this 6-ton truck $350 more in one State and in 
eight other States at least $100 more than it will 
cost the 5-ton truck in spite of the fact that the 6-ton 
truck weighs nearly 3,000 pounds less when loaded 
and nearly 5,000 pounds less when empty and, there- 
fore, does less damage to the road than the 5-ton 
truck. Similar inconsistencies occur throughout the 
whole range of capacities and weights, as shown in 
yee 6. A rating which imposes a heavy penalty on 

2,000 extra pounds of carrying capacity and neglects 
entirely variations in vehicle weight of 6,000 pounds i is 
obviously a poor measure of the justification for taxing. 

From the viewpoint of economical transportation, 
it 1s desirable that vehicles be so designed that their 
weights empty are a minimum and their carrying ca- 
pacities a maximum. Basing taxes on capacity tends 
toward the opposite condition. It discourages large 
capacities and at the same time fails to penalize over- 
weight vehicles for their inefficient design. 

If capacity is used as a basis for taxing trucks, 
then some other basis must be found for taxing pas- 
senger cars. The use of two separate bases is likely 
to lead to a seemingly ulogical discrimination between 
passenger cars and trucks. Figure 7 illustrates this 
point graphically. Here passenger-car fees are based: 
on piston displacement and increase rapidly with gross 
weight. Truck fees are based on capacity and increase 
much more slowly. The result is that while the 
hghtest passenger cars and trucks pay about the same 
fee, the heaviest passenger cars pay nearly twice as 
much fee as trucks of the same weight and the same 
fee as trucks of nearly twice their weight. In some 
other States the situation is reversed, and trucks pay 
the higher fees. For convenience, uniformity, and 
equity, taxes on all vehicles should be based on the 
same characteristic. 

Chassis weight and unladen weight—Ilake the ca- 
pacity, the chassis weight or the unladen weight of a 
vehicle constitutes only a part of the gross weight 
imposed on the roadway. As shown in Figure §8, 
there is a wide variation in the gross weights of trucks 
of approximately the same chassis weights. There is 
a somewhat similar variation in the gross weights of 
vehicles having approximately the same unladen 
weights. Therefore, fees will be improperly distrib- 
uted if based on either of these characteristics. 

Figure 9 illustrates the result of basing truck fees on 
chassis weight. Truck A, with a capacity of 715 tons, 
pays the same fee as tr uck B, with a capacity ie only 
3 tons, 1n spite of a difference of nearly 6 tons in their 
°TOSS weights. Truck C pays twice as much as truck 
D, althouch their gross w eights are approximately the 

same, and truck C also pays $75 more than truck A, 
although truck A is 3 tons heavier when loaded. It is 
perhaps desirable to tax vehicle weight at a higher rate 
than pay load, but such excessive penalties as are some- 
times involved in the basis of truck fees on chassis 
weight or unladen weight seem unjustified. 
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FIGURE 9.—EXAMPLE OF COMMERCIAL VEHICLE FEES BASED 
ON CHassis WEIGHT 
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FicurE 11.—Gross WEIGHTS AND RaTED HORSEPOWERS 
oF TyYPpiIicAL VEHICLES 


The same criticisms apply to a lesser degree to 
unladen weight as a basis for taxing passenger cars. 


Small passenger cars of the same unladen weight have taxing is that the various power ratings disagree. 
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differences in carrying capacity of 3 to 5 persons caus- 
ing variations in gross weight of about 20 per cent, while 
the situation for large busses is much the same as for 
trucks. 

Tire width—When the weight allowed on a wheel 
or axle is limited by law according to the widthofthe 
tires used, tire width tends to become a rough measure 
of gross weight and may be used as a basis for determin- 
ing fees. 

Tire width seems to have no marked advantages over 
gross weight as a basis for taxing, but it possesses some 
disadvantages. If adopted generally, schedules would 
have to be devised which would distribute taxes equit- 
ably among vehicles equipped not only with solid tires 
but with high-pressure pneumatic and the various 
classes of balloon tires as well. Such taxes would 
encourage owners and makers of vehicles to use the 
minimum width of tire allowed, and those vehicles 
which used wider pneumatic tires than this minimum 
would be penalized by the tax in spite of the fact that 
their equipment ‘was particularly good as regards pro- 
tection of the highway. 

Rated power.—Engine power is available either for 
moving weight or producing speed, both of which dam- 
age the road. Speed, however, for the very great 
majority of cars is limited not by the power of the engine 
but by law, by road and traffic conditions, or by the 
whim of the driver. In States where traffic is relatively 
dense, it seems probable that the average speed of 
high-powered cars would differ little from the average 
speed of low-powered cars, and vehicles which move 
more slowly than the average speed for all traffic 
are perhaps as objectionable as those which travel 
somewhat faster than the average. The value of 
power as a measure of use of the roads will therefore 
depend more on its proportionality to gross weight than 
on its rather doubtful relation to speed. 

At present, no power rating available gives values of 
power which are even approximately proportional to 
gross weight. Figures 10, 11, and 12 show wide varia- 
tions in the power ratings of passenger cars of essen- 
tially the same gross weight, and great divergence in 
the weight of trucks of approximately the same power: 

An example of the effects of basing passenger-car 
fees on horsepower is shown in Figure 13. There is a 
car weighing approximately 4,000 pounds in each of the 
four fee groups shown. ‘These four cars pay fees of 
$12.50, $20, $30, and $40, respectively, supposedly 
because their engines are capable of propelling them at 
different speeds. As a matter of fact, their average 
speeds and their use of the roads are probably nearly 
the same. Among those cars which pay a $20 fee is 
one which weighs only 2,200 and another which weighs 
5,500 pounds. 

Figures 10, 11, and 12 show how rapidly the power of 
passenger cars Increases with weight and how slowly 
the power of trucks increases. Obviously the same 
schedule of fees would not be applicable to both classes. 
Also, if gasoline cars are to be rated on formula horse- 
power or piston displacement, different ratings must be 
used for steam vehicles, for electric vehicles, and for 
trailers. Taxing each of these classes on a different 
basis would be almost certain to lead to inconsistencies 
between the various schedules and discrimination 
between vehicles in the different classes whose use of the 
road is approximately the same. 

Another difficulty in the use of power as a basis per 

or 
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FIGURE 13.—ExXAMPLE OF PASSENGER Car FEES BASED ON 
RatepD HORSEPOWER 


example, car A has a formula horsepower 17% per cent 
ereater than that of car B, a piston displacement 47 
per cent greater and an advertised horsepower 325 per 
cent greater. What, then, is the relation on which 
taxes should be based? 

Price and value.—There is, very obviously, no direct 
relation between the price of a vehicle and its use of the 
roadways. ‘The only justification for using price as a 
measure of such use is the remote relation which price 
happens to bear to gross weight. This relation is 
shown in Figure 14 and is evideatly entirely_too remote 
to provide an equitable basis for taxing. The chart 
is somewhat similar to those showing the relation 


Vol. 11, No. 8 





11000 [ 











10000 





9000 


*% PASSENGER CARS 
Oo COMMERCIAL VEHICLES 











8000 











7000 





6000 





5000 


LIST PRICE - DOLLARS 





4,000 








300C 








2000 








1000 











Oo ! 2@ 3&3 & 5S 6 F BPG e eee 
GROSS WEIGHT OF VEHICLE ANO LOAD - TONS 
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between power and gross weight. The average price 
of passenger cars increases very rapidly with gross 
weight, while the average price of trucks increases very 
slowly. <A single schedule of fees based on price would 
therefore not be applicable to both passenger cars and 
trucks nor would the distribution among units of the 
same class be equitable because of the wide variation 
in the prices of passenger cars of approximately the 
same gross welght and the great divergence in the 
weights of trucks of approximately the same price. 
Value is even more illogical and unsuited as a basis 
for special taxing. It is odd to conceive of a new truck 


in perfect mechanical condition and equipped with 


new tires, being charged with a greater highway expense 
than an old truck with tires worn down near the legal 
limit of thickness and mechanical condition a menace 
to the safety of the public. 

Flat rate—This form of tax is evidently very unfair 
to the smaller vehicles as it puts as much of a burden 
on the lightest as on the heaviest cars. Where it is 
used the gas tax is sometimes expected to correct for 
the inadequacy of the registration fees on the heavier 
cars. As explained previously, no fuel tax can do this 
where an increasing rate or fee per ton is desired. 

Combination ratings—Some States use capacity, 
unladen weight, power, or value in combination with 
each other or with gross weight in rating vehicles. 
The criticisms which apply to the use of these charac- 
teristics singly apply also to their use in combination. 
The use of any of them in connection with gross weight 
impairs rather than improves the fairness of the gross 
weight rating and at the same time complicates its 
administration. 
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A METHOD OF ANALYSIS OF DATA ON FROST OCCUR- 
RENCE FOR USE IN HIGHWAY DESIGN 


By J. A. SOURWINE, Senior Highway Engineer, U.S. Bureau of Public Roads 


minor highway problem. To-day it has become 

a major problem. Improved facilities for snow 
removal keep open an increasing highway mileage. 
Winter traffic is increasing also per unit of mileage. 
The annually increasing mileage of road left uncovered 
and unprotected from frost attack makes frost occur- 
rence a highway problem which deserves intensive 
study. 

These facts suggest the question: May frost occur- 
rence and highway frost damage be so interrelated as 
to make possible the use of existing climatological 
records as a means for assisting in the determination 
for a given locality of the probability of occurrence of 
highway frost damage? 

This paper presents a method by which we may so 
relate and summarize recorded climatic occurrence as 
to render usable for highway design the records of past 
weather conditions as a guide in the determination of 
probable ground freezing occurrence. This study does 
not consider the problem of freezing weather during 
the construction period. Nor does it consider the prob- 
lem of the modifying effect on ground freezing, due to 
type of soil, to degree of compactness of soil, to varying 
moisture content in soil, to topographic placement, or 
to the presence of surface cover which affords contin- 
uous shading from the sun. There is considered rather 
the intensity duration and frequency of low tempera- 
ture occurrence over a period of years, seeking to 
develop a method by which climatological records may 
be made available as a guide in the determination of 
relative probable highway damage. The determina- 
tion reached will be relative only, based on the tem- 
perature occurrence phase of the ground freezing prob- 
lem and subject to modification as applied to any local 
area to meet the actual modifying conditions there 
existent. 

Let us first consider what portion of existing tem- 
perature records is most suitable as a basis for com- 
parison to determine the probable relative danger of 
highway ground freezing for any given location. 
There seems to be doubt as to the suitability of abso- 
lute minimum temperatures! for such use. As an illus- 
tration, the lowest absolute minimum temperature 
recorded for Washington, D. C., is —15° F. As a 
basis for comparison this extreme low minimum tem- 
perature does not appear truly typical or as offering a 
basis suitable for use in highway design for Washing- 
ton, D. C. The indication is that other modifying 
factors should also be considered. One of these modi- 
fying factors is the relative frequency of low tempera- 
ture occurrence. 

About six years ago the United States Weather Bu- 
reau prepared for the Bureau of Public Roads two 
isothermal charts of the United States, one showing 
isothermals of normal temperature and the other show- 
ing isothermals of average minimum temperature for 


‘ FEW years ago frost occurrence presented only a 








1 Absolute minimum temperature is defined as the lowest temperature occurring 
during a given cold period. 


the month of January. These charts were based on 
records computed to the end of the year 1914. They 
represent the existing data available in the files of the 
United States Bureau of Public Roads on temperature 
records as affecting highway design in the United States. 

A study of summarized climatological data for the 
United States, taken from Bulletin W of the United 
States Weather Bureau, shows that January is not 
always the month of extreme cold, the actual month 
varying for different localities and even for different 
vears in the same locality, but being in general one of the 
three months, December, January, or February. In 
order to establish a common basis for comparison of the 
relative intensity of low-temperature occurrence in 
different localities, we will use the records of each 
observing station for the most severe winter month at 
that station. The lowest monthly average of daily 
minimum temperature over the period of record covered 
by Bulletin W (being in general from the begmning of 
available record to and including the year 1921) is 
used as a basis for this comparative study of low- 
temperature intensities. 


CRITICAL INITIAL AIR TEMPERATURE FOR GROUND FREEZING 
SELECTED AS 23° F. 


Before proceeding further we must determine the 
average critical initial air temperature at which, under 
conditions of descending air temperature, highway 
eround freezing occurs. <A careful study has been 
made to determine this critical initial air temperature. 
Laboratory tests are available, by A. Petit,? and by 
Geo. J. Bouyoucos,’ in which there was investigated the 
required lowering of air temperature, in order to pro- 
duce freezing in soils. The results found by Petit and 
by Bouyoucos are closely similar. The degree of 
supercooling of air required varies according to the 
type of soil, from —4° C. to —5° C. The value found 
by Petit for an average clay is —4.8° C., or 23.4° F. 
Both the Petit and Bouyoucos tests show that a dura- 
tion of supercooled temperature of from 2% to 4% hours 
is required in order to produce freezing in the soil. The 
period of duration of supercooling as found by Petit is 
160 minutes for sand, 190 minutes for average clay, and 
266 minutes for peat. For fine, silty clay of the type in 
which highway ground freezing frequently occurs, three 
and one-half hours is assumed as an average value of the 
period of duration of supercooling. 

A study of the thermograph records * for a number of 
Weather Bureau stations of the first order located at 
widely scattered points over the United States shows 
that an absolute minimum air temperature very seldom 
endures for a period of three and one-half hours. The 
maintaining of a given effective low temperature, under 
conditions similar to a laboratory experiment, for three 
and a half hours is commonly accompanied, under actual 











 “‘Tntersuchungen uber den Einfluss des Frostes auf die Temperature—Verhaltnise 
der Boden,’’ by A. Petit, in ‘‘ Forschungen auf den Gebiete der Agriculture—Physik,”’ 
v.17, p. 285-310. 

3 ‘*Temperature which soils can reach without freezing,’’ by Geo. J. Bouyoucos 
Journal of Agr. Res., November 15, 1920. 

« Thermograph records for first order stations, U.S. Weather Bureau. 
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field conditions, by the occurrence of an absolute mini- 
mum air temperature, which is 1.5° F. to 2.0° F. lower 
than the effective temperature required to be maintained 
throughout the period. Applying this observed relation, 
together with the results of the laboratory tests by 
Petit and by Bouyoucos, on the supercooling of air 
required to produce soil freezing, we determine a 
critical initial minimum air temperature, for conditions 
of descending air temperature, at which the average 
subgrade soil lying in place under nonagitated conditions 
may be expected to begin to freeze. This critical 
initial value is from 23.0° F. to 23.5° F. for sand, from 
214° Ke top22.4° I. tom clas wandairom 22> Pato 2 
for fine sandy loams and silty loams. . An air tempera- 
ture of 23° F. is assumed as an average critical initial 
value marking the beginning of ground freezing in 
average highway subgrade soil. This value of 23° F. 
will be used throughout the remainder of this study 
as the critical initial value of descending air temperature 
below which the intensities, durations, and frequencies 
of frost occurrence will be studied and compared. 

The next item for determination as a basic relation in 
our study is the critical depth below the surface of 
eround for average subgrade soil at which the occur- 
rence of freezing wil produce objectionable heaving or 
will cause unevenness or lack of stability in the highway 
surface. This critical depth would seem to be properly 
determined only on the basis of practical field exper- 
ience. Inquiry was made accordingly. Several high- 
way engineers expressed the opinion that 6 inches of 
eround freezing is a critical value and that at this depth 
eround freezing becomes objectionable, basing such 
opinions on the tendency of present-day design of 
pavement depths for first class pavements. Other high- 
way engineers expressed a judgment favoring a 4-inch 
depth as critical, basing the conclusion on experience 
with lesser thicknesses of pavement and on conditions 
in surface-treated roads. For the purpose of this study 
a critical depth of 3 inches has been assumed as the 
depth below which ground freezing becomes a problem 
for consideration in highway design. 


CRITICAL LOWEST MONTHLY MINIMUM TEMPERATURE FOR 
OBJECTIONABLE GROUND FREEZING DISCUSSED 


In order to use the records of lowest monthly average 
of daily minimum temperatures as a basis for compara- 
tive study to determine the relative danger of highway 
eround freezing for any locality, we must determine 
the critical value of lowest monthly average of daily 
minimum temperature at which ground freezing occur- 
rence passes the allowable frequency for 3-inch depth. 
As to what constitutes allowable frequency, we are 
faced with the necessity for an arbitrary assumption. 
For this study we assume an allowable frequency of 5 
per cent. We define ‘5 per cent allowable frequency ’”’ 
to mean that when we consider for any locality all cold 
periods sufficient to cause freezing of average surface 
sou, ground freezing below 3-inch depth may occur 1 
time in 20. A frequency of more than 5 per cent, or 
more than 1 period in 20, we designate as ‘‘objection- 
able frequency.”’ 

Let us now determine a tentative critical value of the 
lowest monthly average of daily minimum tempera- 
tures which corresponds with an average of 5 per cent 
frequency of occurrence of highway ground freezing to 
a depth greater than 3 inches. Reference is again 
made to the tests of Petit and of Bouyoucos, considera- 
tion being given this time, not to the supercooling of 
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air, but to the supercooling of soil required before soil 
freezing will occur. The amount of supercooling of a 
nonagitated soil required for freezing is found to vary 
from —1.5° C. for sand to —2.0° C. for clay, with a 
required duration of three to four hours. This is 
equivalent to the requirement which is assumed as 
applying to soils ranging from fine silty clay loam to 
clay, that an effective soil temperature of 28.4° F’. shall 
be constantly maintained over a period of three and one- 
half hours in order to produce objectionable soil freez- 
ing. In the study of United States Weather Bureau 
thermograph records of air temperature occurrence it 
has been found that for cold periods of three and one- 
half hours below a given effective temperature the abso- 
lute minimum temperature was on the average 2° F. 
below the maintained effective temperature. Assuming 
a similar relation to apply to soil temperatures as found 
for air temperatures, a minus correction of 2° F. is 
applied to the effective soil temperature of 28.4° F’. above 
found, which gives a required absolute minimum soil 
temperature of approximately 26.4° F., coincident with 
the mception of ground freezing for the general type of 
subgrade soil in which troublesome ground freezing 
frequently occurs. 
RELATION ESTABLISHED BETWEEN MINIMUM TEMPERATURE IN 
AIR AND THE SOIL 

The next step is to establish a relation between aver- 
age minimum air temperature and average minimum 
temperature in soil at a 3-inch depth. For the most 
complete investigation of this subject reference is 
made once more to Bouyoucos, and particularly to a 
series of field measurements conducted by him at East 
Lansing, Mich., during which he measured tempera- 
tures in air 4 feet above the surface and in ground 3 
mches below the surface’ throughout the month of 


DAILY MINIMUM AIR TEMPERATURE IN DEGREES F. 





DAILY MINIMUM SOIL TEMPERATURE AT 34NCH DEPTH 
IN°DEGREES F. 


FicurgE 1.—Daity Minimum Soit TEMPERATURE AT 3-INCH 
DertH ComMparReD With Daity Minimum AIR TEMPERA- : 
TURE, DuriNG Aa PERIOD OF DESCENDING TEMPERATURE 

$ “Soil Temperatures,’’ by Geo. J. Bouyoucos Bulletin No. 26 Mich. Agr. Coll 

Exp. Station. 
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January, 1915. Daily minimum, maximum, and mean 
temperatures were observed and recorded during this 
test. For 16 days of the month the record shows a 
descending temperature. Figure 1 shows the minimum 
temperature in air compared with that in the soil at a 
3-inch depth for each day of descending temperature 
during the month. 

Through the points of actual occurrence, plotted in 
Figure 1, a line was drawn representing the average 
relation between minimum air temperature and mini- 
mum temperature in soil at a 3-inch depth. From this 
average line the average minimum air temperature, 
which is equivalent to a soil temperature of 26.4° F. 
at a 3-inch depth, is found to be 16° F. 


FREQUENCY OF MINIMUM TEMPERATURES STUDIED 


The above derived value of 16° F. is the actual aver- 
age equivalent minimum air temperature at which 
eround freezing begins at 3-inch depth. At this mini- 
mum air temperature of 16° F. no allowable frequency 
of frost occurrence is permitted below 3-inch depth. 
We desire to use for design an allowable frequency of 5 
per cent for frost occurrence below 3-inch depth. Let 
us study the existing relations and determine the abso- 
lute minimum air temperature at which 5 per cent of 
frost occurrence below 3-inch depth is permitted. For 
this study we select 15 first-order stations of the United 
States Weather Bureau, rather well distributed across 
the United States, so as to obtain typical data repre- 
sentative of the different sections of the country. 

The stations selected are all located in regions classi- 
fied as being in doubtful danger from ground freezing 
and are well distributed over the United States so as 
to obtain data representative of the different sections 
of the country. From the records of these 15 stations 
there were tabulated all periods where the temperature 
fell below 23° F. (critical initial air temperature assumed 
as required to produce freezing in average subgrade soil) 
for a duration of eight hours or more, and for a drop in 
temperature greater than 3° F. The tabulation showed 
the minimum temperature in degrees Fahrenheit for 
each cold period and the duration of cold period below 
23° F. For four of the stations the record covered the 
15-year period from 1907 to 1921 (for Tonopah, Nev., 
14 years only, on account of no record for 1907 available). 
For the other 11 stations the record covered an 11-year 
period, from 1911 to 1921. These records were sum- 
marized to show frequency of cold period and low tem- 
perature occurrence, and a minimum temperature- 
frequency curve was plotted for each station. Typical 
curves showing the variation in frequency for varying 
minimum temperatures are shown in Figure 2. The 
ordinate of any point in Figure 2 denotes the relative 
frequency of occurrence of the absolute minimum tem- 
perature indicated by the abscissa. This relative 
frequency is expressed as a percentage of the total 
number of cold periods. As an illustration, in the case 
of Washington, D. C., the point on the curve for that 
station having an abscissa of 0° has an ordinate of 3 
per cent, indicating that, of all cold periods occurring 
at Washington, D. C., for only 3 per cent of the number 
did the temperature go aslow as 0° F. From the curve 
for each station a minimum temperature value 1s ob- 
tained corresponding to 5 per cent frequency, and from 
the available records the absolute minimum tempera- 
ture reported during the period covered by the study is 
determined. ‘Table 1 shows these two values and the 
average difference betwe2n them for each of the 15 
tvpical stations. 
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TABLE 1.—Minimum temperature of 5 per cent frequency occur- 
rence versus absolute minimum temperature 








| Minimum 





Absolute | 














| tempera- | _: 
er — . : ture with | PDB PT) erect 
Station Period of study frequency — (i) —£2) 
of 5per cent oy 
(1) i 
a fay > &. oe 

New Haven, Conn-_-_.} 11 years, 1911-1921____- —0. 5 —12.6 —11.5 
New Yorks N.Y ...-_-}-...- ae eee, +1.0 —i4.0 —15.0 
Philadelphiie, Pa__.-_.|_...- Ce ee +4.0 —4.0 —. 0 
Washington, D. C____| 15 years, 1907-1921____- +5.0 —13.0 —18. 0 
Fela W . OV Gen - oe - Il years, 1911-1921____.' —5.0 — 28.0 — 23.0 
Lyneh burg, Va..-._._|_._.- a a... ae +4.0 —7.0 —11.0 
Lexington, Ky_._.....| 15 years, 1907-1921____- —2.0 —~—14.0 —12.0 
Nashville, Tenn--._-- 11 years, 1911-1921__._- +1.3 —10.0 —11.3 
FreneVille; Ind.......|...-- epee 3. eee 2 a —1.8 —16.0 —14.2 
amo oinl.....--<----ale-~-2 = —2.0 —15.0 ~—13. 0 
St. bowis, Mo.__..-2-|._--- den. .... MP. — —3.5 —16.0 —12.4 
Bentonwille, Ark _._.2|..--. a —2.5 — 20. 0 —-17.5 
Oklahoma City, Okla_|_--_- (ee —0.5 —10. 0 —9.5 
Amarillo, Tex_...__._| 15 years, 1907-1921__._- +1.0 —11.0 —12.0 
Tonopah, Nev_._..---| 14 years, 1908-1921__._- +5.0 —7.0 —12.0 
SC’... .. coe tee ee en ett. al. ee. = . —13. 37 








CRITICAL VALUE OF LOWEST MONTHLY AVERAGE OF DAILY MINI- 
MUM TEMPERATURE FOUND TO BE 23° F. 

Since it was observed that one station (Elkins, W. Va.) 
in the table shows a difference considerably above 
the average and another station (Philadelphia) shows a 
difference somewhat below the average, an average 
value of difference was computed, excluding values for 
Elkins and Philadelphia, and was found to be 13.04° FF. 
As a representative difference between absolute muini- 
mum temperature and minimum temperature of 5 per 
cent frequency occurrence, we will assume the value 
1k 

The air temperature at which ground freezing begins 
at 3-inch depth in average subgrade soil has been found 
to. be 16° F. By applying to this value the average 
difference of 13° F. between absolute minimum tem- 
perature and minimum temperature for 5 per cent frost 
frequency, 3° F. is obtained as a critical absolute mini- 
mum air temperature coincident with 5 per cent fre- 
quency of ground freezing at a 3-inch depth. 

By the use of data from the thermograph records of 
the four stations of which a 15-year study was made, 
Figures 3 to 5 were prepared showing the relation 
between the monthly average of daily minimum tem- 
perature and absolute minimum temperature for each 
station. A line was drawn in each instance representing 
the average location of these points. From this line 
there was obtained for each station the monthly aver- 
age of daily minimum temperatures corresponding to 











an absolute minimum of 3° F. The results are as 
follows: 
aS 
Waemmeton, D. C___......_._. A Uo... ea. Day? 
pemeio, Vier 2. Le -----. cse- - et 
(om NiGy 5 Soe. |. 8 2 ee ee -- ee ees 
Wwexmphon, Ky. (enaphwmiot shemm)._...._._._._._.. --.--.- 2a, 0) 
Averagieu._-. ee er ee es ee 24, 4 


The above is the monthly average of daily mini- 
mum temperature for the period of the thermograph 
study (15-year period 1907-1921). A tabulated com- 
parison of lowest monthly average of daily minimum 
temperatures for the 15-year period compared with 
the lowest monthly average of daily minimum tem- 
peratures over the full period of United States Weather 
Bureau records is shown in Table 2. 

Table 2 indicates that we should applv a correction 
of —2° F. to the lowest monthly average of daily mini- 
mum temperature for the 15-year period in order to 
obtain the lowest monthly average of daily tempera- 
ture over the period of United States Weather Bureau 
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Fictre 2.—MinimumM TEMPERATURE-FREQUENCY CURVES FOR SELECTED SraTions SHOWING RELATION BETWEEN MINIMUM 
TEMPERATURE OCCURRING WITH A FREQUENCY OF 5 Per Cent, AND ABSOLUTE MINIMUM REPORTED 


TABLE 2.—Relation between lowest monthly average of daily mini- 
mum temperature for 15-year period 1907-1921 compared with 
lowes! monthly average of daily minimum temperature for total 
period of United States Weather Bureau records 
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URDTIODAMMMEMEM er. ooo aes ecm one nonene ce ae 24. 0 24.1 
Mpxinigmee Wy. 2 eee... : 26, 2 23.2 
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record. Since the study was based on a small number 
of stations and there was some difference in the vari- 
ation shown by the different stations, approximately 
two-thirds the amount of the indicated correction will 
be applied, making a correction of —1.4° F. With this 
correction applied, the critical value for monthly aver- 
age of daily minimum temperature over the entire 
period of United States Weather Bureau record is 
determined as 23° F. This critical value of 23° F., 
for the lowest monthly average of daily minimum 
temperature, is assumed as a critical design value for 
highway ground freezing. 

In the compilation of the temperature data shown in 
Figure 6 use was made of data from all stations for 
which the United States Weather Bureau hassummarized 
temperature records prior to and including the year 1921. 
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ABSOLUTE MONTHLY MINIMUM TEMPERATURE IN DEGREES F. 





MONTHLY AVERAGE OF DAILY MINIMUM TEMPERATURE 
IN DEGREES F. 
Figure 3.—REwLATION BETWEEN MoNTHLY AVERAGE OF 


Dainty MINIMUM TEMPERATURE AND ABSOLUTE MINIMUM 
TEMPERATURE AT WASHINGTON, D. C. 


(Bulletin W, United States Weather Bureau.) An 
isothermal map was made for each State, and these maps 
were combined in Figure 6. On this map the isohyvetal 
lines or lines of low average winter rainfall, indicating 
relatively arid regions, are taken from the Atlas 
American Agriculture, United States Department of 
Agriculture. The rainfall shown is the average winter 
rainfall which occurred during three winter months, 
December, January, and February. All low average 
winter rainfall of 2 inches and less is shown. ‘The areas 
with an average winter rainfall of 2 inches or less and 
within a zone having a lowest monthly average of daily 
minimum temperature between 10° F. and 23° F. are 
cross-hatched on Figure 6 as being areas which, because 
of their winter aridity and of their relatively moderate 
range of extreme cold, may be areas of doubtful danger 
from the standpoint of highway ground freezing. The 
presentation of these isohyetal lines marking arid re- 
gions with low winter rainfall is made to invite attention 
to this phase of climatic occurrence, with the suggestion 
that further more detailed study of these regions Is ad vis- 
able. The assumed temperature range of 10° F. to 23° 
F. is approximate only and subject to future modification 
as to proper lower limits of temperature range. 
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MONTHLY AVERAGE OF DAILY MINIMUM TEMPERATURE 
le DEGREES F. 


FicgurE 4.—RELATION BETWEEN MONTHLY AVERAGE OF 
Datty MINIMUM TEMPERATURE ANDABSOLUTE MINIMUM 
TEMPERATURE AT AMARILLO, TEX. 


Summarizing the preceding phase of the study, in 
which only low-temperature intensities and frequencies 
are considered and a 5° allowable frequeney of ground 
freezing below 3-inch depth is assumed, the 23° F. 
isothermal shown in Figure 6 marks a ceneral eritical 
temperature line below which should lie areas relativ ely 
safe and above which should lie areas relatively danger- 
ous from highway ground freezing. Thecritical temper- 
ature line thus shown and marked is a general line only 
based on the recorded intensity and frequency of low 
teniperature occurrence applied to average highway 
conditions and subject. to modification or approval for 
any local area as shown by detail study covering local 
conditions of soul, drainage, surface cover, and exposure, 


DURATION OF COLD PERIODS AN IMPORTANT FACTOR 


A further study has been made taking into account 
the duration phase of cold period occurrence. The 
effect of duration of cold period in accentuating and 
rendering more severe the damage from cold is a matter 
of common knowledge. It is well known that several 
days duration of low temperature, even with a rather 
moderate minimum temperature, may produce effects 
equally damaging and possibly even more damaging than 
those produced by a minimum temperature several 
degrees colder but having only a short duration. The 
problem has been to relate and express the different 
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MONTHLY AVERAGE OF DAILY MINIMUM TEMPERATURE 
lh DEGREES F. 


FIGURE 5.—RELATION BETWEEN Montruty AVERAGE OF 
DaiLty MINIMUM TEMPERATURE AND ABSOLUTE MINIMUM 
TEMPERATURE AT ToNopaH, NEv. 


variables of low-temperature intensity, frequency, and 
duration in such a way as to make possible a means of 
measuring the relative degree of their combined effect. 

For the purpose of this study a method of measuring 
the combined effect of low temperature and of cold 
period duration has been worked out and applied as a 
means of comparative measurement of cold period 
occurrence for different periods and in different localities. 
The unit used for comparison is similar to the “ton- 
mile” so common in highway traffic terminology. The 
term used is ‘‘degree-hours.”” The degrees are measured 
in °F. below the critical initial air temperature and the 
duration is measured in hours of cold period below the 
critical initial air temperature. The approximate 
value of ‘“degree-hours” for any given cold period is 
> D T, where D equals duration in hours below critical 
initial air temperature and 7 equals the degrees Fah- 
renheit of absolute minimum air temperature below 
eritical initial air temperature. For this study the 
critical initial air temperature used is 23° F. 

A “degree-hour”’ study of cold periods has been made, 
using data from 35 Weather Bureau stations lying in the 
general proximity of the tentative critical isothermal 
(23° KF.) shown in Figure 6. The thermograph records 
from each of these stations, covering a period varying 
for different stations from 5 to 15 years, were studied. 
The first study covered a 5-year period, but this length 
of time was in general found to be insufficient to give a 
representative record. A study covering a 15-year 
period was then made for a few stations, and an 11-year 
period was studied for other stations located in critical 
positions, in determining the position of equal degree- 
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hour lines. Five-year records from a few minor sta- 
tions were also studied. All data were summarized 
according to frequency of occurrence both of relative 
duration of cold period and of relative minimum temper- 
ature of cold period. There was then plotted for each 
station a duration-frequency curve and a minimum 
temperature-frequency curve. From the two frequency 
curves thus plotted there was derived a third curve, 
the degree-hour-frequency curve (fig. 7). 

As in Figure 2, the ordinate of any point in Figure 7 
denotes relative frequency of occurrence expressed as a 
percentage of the total number of cold periods for the 
eviven station. For the minimum-temperature fre- 
quency curve the abscissa denotes absolute minimum 
temperature of cold period, as in the case of Figure 2. 
For the duration-frequency curve the abscissa denotes 
duration of cold period. For the degree-hour fre- 
quency curve the abscissa denotes degree-hours ac- 
cumulated during cold period. 

A measure of the quantity of cold occurring at each 
station was determined by selecting as an index the 
degree-hours corresponding to a frequency of 5 per 
cent, the numerical value being taken from the degree- 
hour-frequency curve. These degree-hour indices for 
the different stations were plotted on a map of the 
United States (fig. 8), which for convenience of identifi- 
cation has been called an “isothermo-chronal map.”’ 
On this map, isothermo-chronal lines, or lines of equal 
‘“degree-hour-index’’ for 5 per cent frequency of 
occurrence, have been drawn. After considerable 
study, a degree-hour index of 900 was assumed as the 
critical isothermo-chronal, representing the danger line 
for highway ground freezing, based on the combined 
study of low temperature intensity, cold period duration, 
and cold period frequency. For convenient presenta- 
tion of the variation in the ‘‘degree-hour”’ index with 
change in location, one isothermo-chronal on each side 
of the critical isothermo-chronal has been shown, the 
isothermo-chronals of 600 and of 1,200 degree-hours 
being used. It will be noted that this degree-hour 
index is very sensitive, changing greatly for relatively 
small differences of location, or of cold period occurrence. 
INDEX MAP USED TO SHOW MOST ADVERSE CONDITIONS OF FROST 


OCCURRENCE, CONSIDERING THE THREE PHASES OF INTENSITY, 
FREQUENCY, AND DURATION 


A comparison of the isothermal study as shown in 
Figure 6 and the isothermo-chronal study as shown in 
Figure 8 shows a considerable area in the eastern and 
central portions of the United States not indicated as 
dangerous for ground freezing by the 23° isothermal, 
but which is definitely indicated as in danger of ground 
freezing, When considered from the combined stand- 
point of low temperature and of period of duration of 
cold. The Columbia River Valley in Washington and 
Oregon appears to offer a somewhat similar condition, 
but the hmited number of first-order Weather Bureau 
stations located in this region do not afford a basis for 
other than approximate location of isothermo-chronal 
lines. In the mountainous areas in northwestern 
Texas, New Mexico, Arizona, Nevada, eastern Cali- 
fornia, and western Oregon and Washington the num- 
ber of first-order weather stations is relatively small. 
The data obtained from the few stations available 
show that most of the cold periods are of relatively 
short duration, and therefore the period of duration is 
not in general an important factor. In this region the 
critical isothermal is in general the line of demarcation 
between relatively dangerous territory and territory rel- 
atively safe, and isothermo-chronal lines are not shown. 


PUBLIC ROADS 


. 


May. 1930 


peas 55 ~ ee See Nos Od dVIN Walt) IVNUAHLOS[—'9 AMIDE 
YAW Sy) WOU ATAMANOL) “DNIZTA YT TNIONy) OL LOAldAg SVAUY ONININUALAC NT As) Nod AVIV oO rE a 1 
‘QNIZ33U4 ONNOND AVMHOIH 30 UIONVO SNOIN3S NI 


AMOLIMU3BL SONTONI (NOILVLIdI99Nd 40 SSIIONVOIY “4 $939930 O1 NVHL SS31'3YNLVYSdW3L WAWINIW AlIVO 40 39VY3AV 
ABN LINDO JO INSWINVd3G SA .ALIOINNH ONV Bs MIHLNOW LS3M01 V SNIAVH YO SH31V3N9 NYO SAHINI OML 40 NOMLWLIdIOddd YAILNIM JOVYIAV NV ONIAVH anv ‘4 $33¥930 
NOIIWLIdINaNd ‘¥ NOILO3S ‘IE Luvd “JYNLINDIYOV NVIIBWV JO SV 1LV,, NI NMOHS Z ©2 NVHL SS37 3SNLVEIdW3L WAWINIW ATIVE 30 JOVE3AV ATHLNOW 1S3MOT V ONIAVH SVAN ONII8 )Sv3au¥v GIGVHSNN 


SCUOIAY AVANIG AKL 





“SYWHD NOILVLIGIO3Ud USLNIM JOVYSAW 3HL 34S SGYODSY NOILWIIdID38d JH1 40J 


ve 


‘M NILZTING 33S SQUOIIY AYNLVYIdWIL YOS NVIYN 


Ayr 
YIHLVIM SN 4O SOYOI3SY WOYS NIXVL ViVG TIV ‘6Z6i NMVYG ONY G3 HdNOD p 


7 "ONIZ93US ONNOND AVMHOIH WON YIONVO INJLBNOD JO AMOLIdHIL IONTINI [‘4 $33u9 
-30 €2 ONV 3 $93N930 01 NIIML3G JHAIWHIGW3L WAWINIW ATIVE 40 JOVHAAY ATHLNOW LS3M01 V HLIM (Auvnuaas 


-YIQWI030) NOLIVIIdIDSUd YILNIM SOVYIAV 40 SSHONI OML NWHL SS31 ONIAVH SVJHV ONI3D }SVIYNV OIHILVH=SSO¥D 


‘ONIZ33U3 GNNOYD WONS J4VS ATZAILV13Y AMOLIVNIL JGNTONI'('4 S33N930 C2 40 SS3I9XI NI “JUMIVYIdWIL 
“DX OF ie WAWINIW ATIVO 40 3OVYUIAV ATHLNOW LSIMO1 V ONIAVH SV3NV ONIZG)SV3uV OSHILVH NIVId 


ON3991 AYOLVNV 14X34 










“SHINOW MALNIM ONINNG “LISHNIYHVS 
$9349390 NISSUNLVYSdNSL WOWININ Alivd 40 39V8 
-JAV AIHLNOW 1S3M07 3LV9IONI SANIT SNONNILNOD 


‘[NMOHS S1 S3HONI 4NOS MOI3E TIVINIVY Y3L 
~NIM MO1 AINO) ‘AUVNYS34 ONY AYVANVS ‘Y38W39 
-30 SHINOW UBLNIM 33NHL 3HL ONINNO ‘S3HONI NI 
TIW4NIVE UDLNIM J9VESAV JLIVOIONI S3NT) HSVO 


D 























ae Z ie cai eee ace aie eh Ms < : t Os 
ge. NH 
i 3 / 5 te of eh 
Peleg woe 
a= Oe ae 
oo ALND S¥SNWH/ | if 
oO 4 Son nDOd Hoo INCOR Coe bebe ac ‘ 
1Z9NIVdS / PS <3 
ne ee ey aeenese (or seater sanuwauprres 
peat: x 7 « SX 
jae s rea OSA Ae SERS CO 
Zganion saa © Keo bl Ro PO RO AS ee Ot 
@ e) 0l ri Am ys Oo) PD eAINGIS’ YC 
° 3 DALY SO] Too eI NNG 
bs) WAR 
“s / Oud o w 





Ho Decrees 
ewes 23 
rh 
soe 





1 : T= o 





Cc = 580 














c= 900 











C= 460 








NASHVILLE, TENN. 
C= 720 


: REEL 
LN 
10 P 4 


.e) 














Cc =850 
30 


20 


FREQUENCY OF COLD PERIODS IN PER CENT OF TOTAL 


C=2I40 











OKLAHOMA CITY, OKLA. 





Vol. 11,380r3 


PUBLIC ROADS 





TONOPAH, NEV. 
Cc = 850 


NEW HAVEN, CONN. 


AMARILLO, TEX. 
c= 1020 


Cc =1250 C= 700 














Cc = 640 c =650 C=6$20 c=1!1050 




















WYTHEVILLE, VA. CINCINNATI, O. LOUIS Vile sey 























C= F720 C=1380 ¢=13060 C= 7re 
: 
i 
\/ 
CAA RNAND 
LNA TT BaD 
- a ) 
CAIRO, ILL. 
Cc =1500 C= 1500 c= 1200 


c= t060 

















PORTLAND, ORE. 
c¢ =450 


WALLA WALLA,WASH., 
C= 2240 





SANTA FE, N.M. 


Cc = 820 C = 620 





Cc = 630 c= 970 C=1180 C= 2040 





C=1450 





0 SOsNOC: ISO 2500 


0 S80 1000 


DURATION - FREQUENCY 





C= 570 Cc =850 C= 1000 c=400 











9 50 100 150 200 0 50 100 150 200 Oo 50 100 150 200 - 
| ini oie OF COLD lascaaraiat = “rere saeaitl (x CEaneae - | 
-10 | O | 10 | 20 ~10 | O | 10 | 20 -10 | Oo | 10 | 20 
MINIMUM TEMPERATURE - DEGREES F. 
© 500 1000 0 500 1000 Oo 500 1000 O 500 1000 


DEGREE ~ HOURS OF COLD PERIOD BELOW 23 DeghEes F 








MINIMUM TEMPERATURE FREQUENCY -=]——-—--—-— DEGREE - HOUR FREQUENCY 


Figure 7.—Dvration-FrREQUENCY CuRVEs, MINIMUM TEMPERATURE-FREQUENCY CURVES, ANP DeGreEr-Hour-FREQUENCY 


CURVES FOR 35 SELECTED WEATHER BUREAU STATIONS 


May, 1930 PUBDIC 





ROADS 











og 





The general problem of temperature study as affect- 
ing highway design has been, for convenience of con- 
sideration, divided into two subdivisions of study, the 
one completed study being shown in graphic presenta- 
tion by the use of a series of isothermal lines and the 
other by a series of isothermo-chronal lines. From the 
facts developed in the course of the work on the two 
subdivisions of study 1t now seems advisable to take 
up a comparative study of the two and consider the 
results as two parts of one general problem. As a 
means for so doing, 1t Was found convenient to prepare 
a third map (fig. 9) showing an index line marking 
probable objectionable frost occurrence across the 
United States based on the most adverse conditions of 
occurrence as indicated by a combined study of the 
isothermals (shown in fig. 6) and of the isothermo- 
chronals (shown in fig. 8). For convenience of refer- 
ence Figure 9 has been designated as a “highway 
geround-freezing index map”’ of the United States. It 
will be noted that no isohyetals are shown in Figure 9, 
as these data have already been presented in Figure 6. 


PROPOSED EXTENSION OF METHOD USED IN THIS PAPER 


The question has arisen as to whether a similar 
method of analysis and digest may not be used to 
show the relative depth of ground-freezing occurrence 
for various localities throughout the United States. 
A research of this sort, following the method used in 
this paper and accompanied by tabular presentations 
and charts, might serve as a basis for the study of 
subgrade soils from the viewpoint of frost occurrence. 
As in the present case, such a study would be based on 
an assumed standard average condition of soil type, 
soil moisture content, degree of compactness of soul, 
conditions of cover and shade, degree of exposure to 
sun and to wind, topographic placement as to altitude 
and slope, and other modifying conditions. This 
proposition is not treated in the present paper but has 
arisen from a discussion thereof, and 1% 1s suggested as a 
matter which might well be given study in the future. 


CONCLUSIONS SUMMARIZED AND APPLICATIONS DISCUSSED 


A brief summarized discussion of the above pre- 
sented matter and of another related study may be 
pertinent. In the development of this study for pre- 
sentation as a method available for practical use by 
the highway engineer dealing with the frost-occurrence 
phase of the ground freezing problem, the endeavor has 
been throughout to present a digest of frost-occurrence 
facts. The primary objective has been to develop a 
method by which the records of cold period occurrence 
in the United States may be presented in simple and 
readily usable graphic form. The few simple charts 
developed are intended for use as a reference guide 
through the use of which the frost-occurrence phase of 
the highway ground-freezing problem may be readily 
related to, and for any given location of local area studied 
jointly with, the other modifying phases of the entire 
general problem of highway ground-freezing occurrence. 
A study of other modifying influences which affect 
ground freezing, including variation in soil types, soil 
moisture content, conditions of cover or exposure, 
conditions of geographic or topographic placement, 1s 
not included as part of the objective of the present 
paper. It has been sought merely to present the facts of 
cold-period occurrence as obtained from a digest of exist- 
ing weather records, and to work out a method of presen- 
tation of the relation of cold period occurrence to highway 
ground freezing occurrence by which the existing records 
of climatological data may be rendered conveniently 


appheable for study of the ground-freezing problem as 
affecting highway design. The three phases of presen- 
tation herein made, comprising as a whole a method for 
applying records of temperature occurrence to the ground 
freezing problem of highway design, are as follows: 

(1) An isothermal study, considering the problem 
from the standpoint of the intensity and frequeney of 
low temperature occurrence. 

(2) Anisothermo-chronal study, considering the prob- 
lem fromthe combined standpoint of low temperature in- 
tensity, cold-period duration, and frequency of occurrence 

(3) A highway ground-freezing index study, combin- 
ing the most adverse conditions affecting highway 
eround freezing as developed by studies (1) and (2) and 
presenting the result graphically in the form of a high- 
way-ground-freezing index line for the United States, 
based on the existing records of past weather occurrence. 

It should be noted that the general analvsis of this 
problem and the method above outlined are not de- 
pendent upon any values assumed or computed. For 
the few values assumed as part of the development of 
the study the actual range of possible variation is rela- 
tively small. Manor modification of one value or another 
would-not alter largely the final position of the tentative 
highway ground-freezing index line. The selection of 
a critical depth of 4 inches instead of 3 inches, below 
the surface, if other assumed values were unchanged, 
would produce an index lne for objectionable lighway 
eround freezing approximately parallel to and located 
a few miles north of the index line as developed in the 
present study. The selection of a different critical depth, 
however, would bring up at once the question whether 
the allowable frequency ought not also to be modified, 
a less value of allowable frequency being assumed for 
frost occurrence passing the 4-inch depth than has been 
allowed for frost occurrence passing the 38-inch depth. 
If it were decided that such a modification should be 
made, a compensating factor for the change in critical 
depth would be thus introduced and the resulting high- 
way ground-freezing index line would remain relatively 
unchanged from the position of highway ground-freez- 
ing index line, as developed in the present study. 

It will be noted that the method as outlined is equally 
adaptable to the values assumed and computed or to 
such modified values as may be assumed or computed. 
It will be noted also that the presentation of the facts 
of cold occurrence is in such form as to be available for 
use In any given locality with such minor modification 
of critical values as will fit local conditions, according to 
the experience and judgment of the local highway author- 
ities. The establishment of-a more or less severe stand- 
ard of allowable frequency of frost occurrence beyond a 
given depth based on an economic study, comparing 
probable highway ground-freezing damage as against 
estimated additional construction cost required to pre- 
vent the occurrence of that damage, becomes possible by 
variation of the critical value of isothermal or isothermo- 
chronal for any given locality. With the critical value 
altered the study may proceed, using for the frost-occur- 
rence phase of the study the same charts and maps which 
would have been used had the tentative critical values of 
isothermal and isothermo-chronal developed in the course 
of the present study been found suitable. The end de- 
sired in the present study is that the records of cold- 
period occurrence as to intensity, duration, and frequency 
shall be made available in simple and nonconfusing form 
for use in the study of ground freezing as affecting high- 
wav design. The method here outlined is offered for use 
as a practical means of accomplishing this end. 
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Figure 8.—ISOTHERMO-CHRONAL Map oF THE UNITED STATES SHOWING LINES OF EquaL DrEGREE-Howrs or Coup PERIOD OccuR- 
RENCE (BELOW 23° F-.) 





Picture 9.—Map SuHowina Criticat InpEx LINE For Highway GrouND FREEzING, BasED ON Most ADVERSE ICXISTING 
CONDITIONS, AS SHOWN By COMBINED STupDY OF FIGURES 7 AND 9 
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Highway Cost Keeping. 10ce. 

The Results of Physical Tests of Road-Building 
Rock in 1916 and 1917. 

Typical Specifications for Bituminous Road Mate- 
rials. 10c. 

Drainage Methods and Foundations for County 
Roads. 20c. 

Tentative Standard Methods of Sampling and Test- 
ing Highway Materials, adopted by the American 
Association of State Highway Officials and ap- 
proved by the Secretary of Agriculture for use in 
connection with Federal-aid road construction. 

Standard Specifications for Steel Highway Bridges, 
adopted by the American Association of State 
Highway Officials and approved by the Secretary 
of Agriculture for use in connection with Federal- 
aid road work. 

Rural Highway Mileage, Income, and Expenditures 
1921 and 1922. 

Highwav Bridge Location. 


DEPARTMENT CIRCULARS 


No. 94C. T. N. T. as a Blasting Explosive. 
331C. Standard Specifications for Corrugated Metal Pipe 


Culverts. 


TECHNICAL BULLETIN 


No. 55. Highway Bridge Surveys. 
MISCELLANEOUS CIRCULARS 
No. 62M. Standards Governing Plans, Specifications, Con- 


tract Forms, and Estimates for Federal-Aid 
Highway Projects. 
*93M. Direct Production Costs of Broken Stone. 25c. 
*109M. Federal Legislation and Regulations Relating to the 
Improvement of Federal-Aid Roads and National- 


Forest Roads and Trails. 10c. 


SEPARATE REPRINTS FROM THE YEARBOOK 


No. 914Y. Highways and Highway Transportation. 
937Y. Miscellaneous Agricultural Statistics. 
1036Y. Road Work on Farm Outlets Needs Skill and 


Right Equipment. 


TRANSPORTATION SURVEY REPORTS 


Report of a Survey of Transportation on the State Highway 
System of Connecticut. 

Report of a Survey of Transportation on the State Highway 
System of Ohio. 

Report of a Survey of Transportation on the State Highways of 
Vermont. 

Report of a Survey of Transportation on the State Highways of 
New Hampshire. 

Report of a Plan of Highway Improvement in the Regional Area 
of Cleveland, Ohio. 

Report of a Survey of Transportation on the State Highways of 
Pennsylvania. 


REPRINTS FROM THE JOURNAL OF AGRICULTURAL RESEARCH 


Vol. 5, No. 17, D- 2. Effect of Controllable Variables upon the 
Penetration Test for Asphalts and 
Asphalt Cements. 

Vol. 5, No. 19, D- 3. Relation Between Properties of Hardness 
and Toughness of Road-Building Rock. 

Vol. 5, No. 24, D- 6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 

Vol. 6, No. 6, D- 8. Tests of Three Large-Sized Reinforced- 


Concrete Slabs Under Concentrated 
Loading. 

Vol. 11, No. 10, D-15. Tests of a Large-Sized Reinforced-Con- 
erete Slab Subjected to Eccentric 
Concentrated Loads. 
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